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This report documents research to determine the
behavior and performance of uncoated rigid poly-

urethane foam (PUF) and of PUF coated with

- '- thermal barrier materials in full-scale fires on foam
dome structures. Six PUF dome structures were
tested for compliance with specified fire criteria and
the results evaluated. The research showed that the
coated structures complied with specific Department
of Defense fire safety criteria, and furthermore that
such a coating is necessary to prevent rapid spread of
fire. Since the geometry of the test room apparently
has no effect on a structure's ignitability or on the
spread of fire, it was also concluded that reasonably
fire-resistant structures may be built of PUF for
housing during mobilization.
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FOREWORD

m This investigation was conducted for the Installation and Planning Division, Office of
the Assistant Chief of Engineers (OACE), under RDT&E program 6.27.31A, Project
4AI62731AT41, "Military Facilities Engineering Technology": Task A, "Facility Plan-
ning and Design": Work Unit 066. "Foam Structures for Mobilization Facilities." The
work was performed by the Engineering and Materials Division (EM), U.S. Army Con-
struction Engineering Research Laboratory (USA-CERL) under the supervision of the
National Bureau of Standards representatives. The information on the fire tests was j
provided by the National Bureau of Standards. The OACE Technical Monitor was LTC
D. Ghiglio, DAEN-ZCI-A.
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Dr. R. Quattrone is Chief of USA-CERL-EM. COL Paul J. Theuer is Commander and
Director of USA-CERL, and Dr. L. R. Shaffer is Technical Director.
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FULL-SCALE FIRE TESTS OF for Surface Burning Characteristics of Building Materi-
POLYURETHANE FOAM DOME als." (ASTM E-84 is used to determine the relative
STRUCTURES burning behavior of the material by observing the

flame spread along the specimen.)

42. It is protected by a thermal barrier material
INTRODUCTION equivalent to (or better than) 1/2 in. (12.7 mm) of

Type X gypsum board placed between the foam plastic
and the interior living space.

Background ..

The U.S. Army Construction Engineering Research Spray-applied PUF formulations are available that
Laboratory (USA-CERL) has proposed the use of poly- meet the required flame spread rating and smoke
urethane foam (PUF) dome structures for rapid field generation criteria. Manufacturers/suppliers of these
construction such as housing and other facilities during products have had them tested by qualified independ-
mobilization. Dome structures allow quick assembly of ent test laboratories and can provide letters of certifica-
large, temporary housing made of unreinforced foam. tion and compliance.
For fire and toxicity safety reasons, building codes and
Army specifications forbid the use of plastic foam Fire-resistant thermal barrier coatings are also avail-
materials as the sole interior finish surface of residen- able which have been tested by independent laboratories
tial housing or other occupied structures. However, and approved by the model building code organizations
plastic foam may be used if its flame spread index is for use on the qualified foamed plastics insulation.5

limited and if it is protected by a suitable thermal The coatings are applied directly to the foamed plastic

barrier. Theretore, before its use in such structures, surface where they remain in intimate contact with the
the fire and toxicity issues associated with PUF must foam during the service life or test period.
be investigated.

The Army has selected a polyurethane foam of class
The toxicity issue has been resolved satisfactorily. B material (flame spread of 75 or less when tested in

An investigationt showed that carbon monoxide is the accordance with the ASTM E-84). The foam, protected

primary toxic product of PUF combustion. A toxicity with five different thermal barriers, has been success-
screening test indicated that rigid foam is safer than fully fire-tested in rooms where the foam lined the
Douglas fir, red oak, and hardboard, among others.2  walls and ceilings. In those tests a 30-lb (12-kg) wood I
Another study showed that burning rigid foam creates crib in one rear corner was the ignition source. How-
the same toxicity hazard as burning the white pine. 3  ever, the results had to be verified for full-size struc-

tures in which size, configuration, and ventilation
Imr tire safety, the Department of Defense approves4  conditions differ considerably. Therefore, USA-CERL

the use of foamed (cellular) plastic insulation in made plans to conduct similar fire tests in 28-ft (8.5-m)-
residential structures, provided: diameter dome structures. USA-CERL requested the

Center for Fire Research at the National Bureau of
I. It icets the criteria of flame spread rating of Standards to help design, instrument, and conduct

nt greater than 75 and smoke generation of not more these tests and to analyze the results.
than 450 khen testedI in accordance with American

Sciety h~i Testing and Materials (ASTM) E-84. "Test Objective

The objective of this study was to determine the
behavior and performance of uncoated rigid PUF and

.luith h A. Dudvck. IHaminahditiTloxic Gas Analysis. of PUF coated with thermal barrier materials in full-
I wad Rvp,,rt it .S. Arin, Test and I.valuation Command, scale fires on foam domne st ructures.

\hcrdcin P|rone (;rrind. April 1983).

J. Iliad,,. (.arlin \honoxidc as the Principal Into i- Approach
anm the t' rl, .s (;ses 1 rin laterials." .hurnal of (o- Six PUF dome structures (five with coatings. oile"

%ifio tt..' \,,lie I 6 lAnust I1979), lip I177-t184. _t ,, l,,itn ,I,,d \. I h,,I a. CAu st st979). p rp177 ts i4. without coating) were tested for their compliance with
'K. SUinj anti Yt. Tsucl.li , "G( mlliustion P~ro)ducts id ',,'

I nx cric \literlitd ('n ainin Nitro ,en in Their (tich nical
Structur.'" / ir( and l/am nahilt \oI 4, No. 15 (1973).

Il)( ) 42- 1 . M. 0Cntritilm C rit'ria (Departmen t ii ' rethane I oam (intractiir'% Associa tion. Fhicrial Barrier
Detcnsc. Dcctilcr 15. t9h3). (od( ..Ipproials. Position Statement ( lebruarv 1984).
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specified fire safety criteria. The test results were re- The ignition sources used in the corner tests repre-
corded, analyzed, and evaluated, and judgments re- sent the size of the initial fire which might be typical
garding the use of PUF for rapid construction were in an actual structure. The residential corner test
made based on the information gained. requires a 30-lb (13.6-kg) crib of white fir which is pre-

dried and contains less than 8 percent moisture to be
Mode of Technology Transfer arranged in a specific manner. The crib for these tests

It is recommended that the data in this report be was in an arrangement of 1 .5- X 1.5- X 15-in. (38.1-
used to develop drawings. specifications. and a tech- X 38.1- X 381-mm) sticks with five sticks per layer
nical manual for constructing foam dome mobilization and a total of II layers. The crib was placed on 2.3-in.
facilities. (58.4-mm) bricks on a sheet of asbestos cement board,

36 X 36 X 0.25 in. (914 X 914 X 6.4 mim) thick.
placed level on the ground. Overall dimensions of the
crib were 15 X 15 X 19.3 in. (381 X 381 X 490 mm)
high. The crib was placed as close as possible to the

2 TEST COMPONENTS AND METHODS wall opposite the open doorway. Ilowever. since the
thermocouple support rack was adjacent to the wall,
it was not possible to get closer than 3.5 to 6.5 in.

Tests of uncoated foam and foamn coated with (89 to 165 fm) to tile wall. In test I. the crib was
various matetrials complying with corner test criteria* inadvertently placed 14.5 in. (368 mim) from the wall.
were conducted to determine two factors: In each case. the crib was ignited by a fire started in

I lb (0.4 kg) of fluffed wood excelsior soaked with
1. The effects of the test "'room's*" geometry oh 4 oz (0.1 kg) of absolute ethanol.

the ignitability and spread of fire from a standardized
source. The time of the tests begins with the ignition ofthe

fire source and is concluded when the source burns
2. Whethir reasonably fire-resistive, dome-shaped out or after 1.5 minutes. wiichever occurs first. The

housing structures can be built with either PUF or a fire is extinguished at the end of the test period if it
cmubination of PUF and a coating that makes the PUF has not already buried out.
resistant to ignition, surface flame spread, and thermal
decomposition within a 15-ninute test period. An array of type K surface thermocouples was used

to indicate the degree of surface flame spread. The
Six helmispherical polyurethane foam structures. thermocouples were placed I in. (25.4 fim) troin tile

each 2s tt (8.4 in) in diameter and nominally 5 in. surface and directly over several selected surface ,
(101 .0 mm) thick with a density of 2.5 lb/cu ft (40 thermocouple locations. They measured the tempera-
kg in )were toamted in place for tle ire tests at a the hot combustion gases and air at I to 3 in.
site near Danville. IL, during July 1984. Five of the (25.4 to 76.2 m) from the exposed surface ot lie
(loies had fire-protective coatings (or coverings) o test coating along the dome's interior surface. Thermo-
the Interior surfaces. Figures I and 2 show the location couples were also used to monitor the downwalrd
of the instrumentation and the fire source. movement of the hot gaseous layer at the central

portion of the dome. Additional thermocouples were
lach domne had a 36- X 80-in. ()14.4- X 203 2-iii)- used in the dome with the unprotected polvurethane

high loorway arid an 8-in. 1203.2-mm) diameter and (test 6) to measure surface flanme spiead aloig one
12-in. (304.8-mii)-long vent at the top of the struc- side of tie dome interior. All thermocouples used
tore. Norntallv. the dome has a ventilator oin its top in this series of tests v ere 20-gage AW(; type K
instead of the Vlent. ,%hich was used to Alloy, all if- (chirotmelalumel) with ceramic liber insulation. All
obstrtcted path tor measuring temperatures and flow, thermocouple measurements were nlliitolred at 10-
it needed. second i:,tervals with an Autodata iccordiiing system

and. as backup, at 30-second Intervals %%ill a intultiple-
point chart recorder. Videotape and(1 still photogiaplhic

*In "0 rer tests." tire test ntaiterials comprisc the surface documentation was mnade ill eVei\ test. Nol eflorts
,I tN.,l \tlls and i ceiline juncture. Aitti the size oi tihe test other thanI a visual observatI io I etc made to ,Ial e 
rea dependent 'ii tte building', intended use. Te test repre- smoke and the gaseous products of combustion be-

%entative o residential uew in an 8- 1 12-tit (2.4- x 3.7-ni)
r,,,m \.,ith in X-it- (2.4-mi)-h1,h ceilint!. The test %\all sections cause of the ditficmlties of imlakiig field lneasu tel Teut
and tilino! sceit'ns are 8 it 124 in) tono iromn tire test corner, arid ili relatimig these data to actual tile Situatlio s.
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DOOR WAY

13, 1742

0

PLAN VIEW L

,Notes:

Instrumentation along section B-B used only for test 6.

0 Suflace thlermo1COUple
I) Thiermocouple I in. over surtace thermocouple to measure air t emperaturre

x Cent erline post with six t herniocou pies.

Figure L Dome test layout and instrument at ion.
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Thermocouples 25 through 29 varied VENT -
from 2.5 to 4.5 ft. apart.
Scale: 25-5FT---"

28

Section B-B

Thermocouple 3 was 2 ft above the
floor. Subsequent thermocouples
were about 3 ft apart.

Scale:14 -

2 -I

FOR HOLDING/ THERMOCOUPLES
30OLB 3 24
CR IB

FE.- 14 FT-.

Section A-A

Figure 2. Sect itial vie~k i1 inst runent at ion lavou t. (Met ric conversio n factors: I it .3 in; I lb .4 kg.)
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Table 1

Test Parameters and Results

Distance of Wood Maximum Test
Crib From Wall Vent Temp. Duration

Test Date Coating (in.) (C) (min) Degree of Fire Involvement

1 July 17 1-in. 14.5 145 15 No surface ignition. No flame spread.
Concrete,

Fiber Reinforced

2 July 17 0.75-in. 5.3 153 15 No surface ignition. No flame spread
Structolite

Gypsum Plaster

3 July 18 0.75-in. 6.5 140 15 No surface ignition. No flame spread
Zonolite 3300

4 July 18 0.25-in. 3.9 149 15 No surface ignition. No flame spread. Fine
Pyrocrete LD surface cracks in foam behind coating in

flame impingement zone.

5 July 19 0.125-in. 3.5 204 15 Destruction of coating, with burning of foam
Staytex4119A in 1-ft (.3-m)-wide and 3-ft (.9-m)-high area

behind crib and behind lower part of flame
impingement zone. No flame spread beyond
this region. More smoke production than in
tests I through 4.

6 July 19 None 3.5 875 9 Fire involvement of the entire interior sur-
face. Heavy production of smoke.

much of the interior surface and came out of the that more than 100 sq ft (9 M2) of the dome's exterior
doorway along with dark clouds of smoke. Figure 7 was charred with a burn-through at about 1.5 ft (•45 m)

* shows that by 8.7 minutes, the interior air temperatures to the right of the doorway. Although the dome's
along tie entire height of the dome exceeded 7000 C. exterior surface supported combustion under the
IFor comparison, temperatures at similar locations are severe fire exposure in test 6, a fire test with the dome
also shown for tests I through 4.) Shortly thereafter, structure that remained from test 3 showed that the
a 15-ft (4.5-i )-long fire plume projected from the exterior would not support flame spread under modest
doorway and was blown by the wind toward the right fire exposures. In this latter test, a bale of dry straw
side of the dome exterior. The peak total rate of heat was piled tip against the upwind side of the dome and
release occurred at about this time and probably ex- ignited with a match. The foam burned and charred

-.. ceeded 0.5 million Btu/min. (This number is based on a only in the vicinity of the burning straw and, except
visual estimate of the volume of flaming compared to at the base of the dome, self-extinguished when the
fire tests in full-size rooms where the heat output was active burning in the straw subsided after about 3

measured.) This value can be compared to an average minutes. T'le straw and foam continued to smoulder
rate of about 5000 Btu/min for tests I through 5 based at the base of the structure, and this smouldering was
on a weight loss of about II lb (4.4 kg) over a 15- extinguished after about 30 minutes. A small area
minute duration and assuming a net heat of corn- (about 4 sq ft 10.36 in 2 ] ) of the foam was charred
btition of 6500 Btu/Ib for wood. The intense con- through to the interior coating.
vective and radiative heat from the plume in test 6
severely burned and charred the exterior surface to the Figure 7 shows a temperature vs. time graph for
right of the doorway. Post-test observations indicated thermocouples 19. 22. and 24. (Figure 2 provided
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Table 2

Recorded Temperatures

Maximum Maximum
Temperature Temperature Time of

Thermocouple (Chart Recorder) (Autodata) Occurrence
Test No. No). CC) cc) (min)

119 145 -*14.3

16 171 -14.9

14 188 -13.5

10 198 -13.3

8 248 -9.2

4*302 -13.1

*2 19 153 157 14.8
16 168 174 14.8
14 193 200 14.7
10 233 242 14.3
8** 356 396 14.7

3 19 140 148 15.0
16 157 167 15.0%
14 177 188 15.0

010 207 213 14.8
8*263 273 14.2

4 19 149 156 14.7
16 170 175 14.7
14 190 191 14.3
10 199 206 14.8
8 276 282 14.3

3*333 346 10.8

5 19 204 225 14.7
16 256 381 14.2
14 285 306 14.2
10 345 380 14.2
8 428 490 14.0

3*775 794 14.7

6 19 875 8.5
16 897 8.7
14 800 8.7
101 940 8.7
8 917 8.7

21** 1002 8.7

*Not available due to malfunction of Autodata.

" Th~erm~coauple location %% here inaxiniurn temperature %% as measured inside domne.

* . ***(Chart recorder too slosk to record values.
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Figure 7. Interior air temperatures along centerline post.

sect ionlves4teis mita o aot)I et partially consumned by thle fire in tests I thr ough 5,
I though 4. the temperatun es at thermlocouples 19. withI about 19 lh (8.62 kg)remaining, on the average. at
22and "4 remnained constant . Section A-A of Figure 2 the end of' each I 5-mitt test. Figure 8 shows a photo-

51)5stliiitoctouples 11) thiough 24 located at thle graph of' the coatings used in tests 1. 2. and 3 af'ter thleW
center ot tice dome. Trher mocou ples 2() through 24 are fire test.
spaced] about 3 f't (0.9 in1) apart. wtith thermlocouple
24 cl,,ss to the tlowo , the dome. Thermocouples[0 amidk 20) ac spaCed aot3 Ill. (76-.2 itim l) .ipa A

%1.11 11 h eimlie clusest to) tile itler o side ol thedoic. %f O CuIN
File rraimimim teiipewatilr (about 150'C %itsas ie-

S orlded at thiciimictuple I 0. anid tIle iimiiiitumn teimip-U

Cematimic (abtoim -,) C) at themiocouple 24. The miaxi- Al ye coatinlgS teted passedI thle criterast o l
1111111 telimiatilre Illtet I ttmioigh 4 occmimed at tlie mi DODl 4270.1-AI.
toip ot time domle. mmtipl~i hg that Ill case ot a time. omie

could avoid higher temlipcratimies hi ta Iing close it) the Ple fime test oftile limmioted fam,1 domle jutifies

I1 om t tilie d inc. tlie iced tol lici mimal ham iems.

file smo1ke piimcclli tests I through 4 wss as mli, The ler oit till., testl 0MoI .ppamemutlk had
triocmlibhltoimot l m 40 o 1ribC Ilme cr1il, %%as wilk Ii,' effect (Ill the -~libiit m id spread 4~ tie101

-Is -10
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Figure S. FPhstorpiph ccttico coatling that stlrcd not smrfaice ignitio it, ttr1 cm spreald
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st andar dized sou rce in the domes coated with a PLTF and thernial barr i coat ings t ake tire N+1
thermial barrier, resistant to ignitiotn. sum tace 11ame spread. and thimer a!

decomllpositilonl tor 15 miintes. prostded thurt thle
Genially . reasonably flire-resistant. domie-shaped themital hai ric has passed tire corner rootm test and

-- housing struictures canl he built using a comhbination of is approved by thle nviodel building code organitions.
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